Abstract. We present a compilation of all available colors for 104 Minor Bodies in the Outer Solar System (MBOSSes); for each object, the original references are listed. The measurements were combined in a way that does not introduce rotational color artifacts. We then derive the slope, or reddening gradient, of the low resolution reflectance spectra obtained from the broad-band color for each object. A set of color-color diagrams, histograms and cumulative probability functions are presented as a reference for further studies, and are discussed. In the color-color diagrams, most of the objects are located very close to the "reddening line" (corresponding to linear reflectivity spectra). A small but systematic deviation is observed toward the I band indicating a flattening of the reflectivity at longer wavelengths, as expected from laboratory spectra. A deviation from linear spectra is noticed toward the B for the bluer objects; this is not matched by laboratory spectra of fresh ices, possibly suggesting that these objects could be covered with extremely evolved/irradiated ices. Five objects (1995 SM55, 1996 TL66, 1999 OY3, 1996 TO66 and (2060 Chiron) have almost perfectly solar colors; as two of these are known or suspected to harbour cometary activity, the others should be searched for activity or fresh ice signatures. In the color-color diagrams, 1994 ES2, 1994 EV3, 1995 DA2 and 1998 HK151 are located very far from the main group of objects; it is suspected that this corresponds to inaccurate measurements and not intrinsically strange objects. The color distributions were analyzed as functions of the orbital parameters of the objects and of their absolute magnitude. No significant correlation is observed, with the following exceptions: Cubewanos with low orbital excitation (low i, e and/or E = e 2 + sin 2 i), and therefore experiencing on average fewer and less violent collisions have significantly redder colors; Cubewanos with faint absolute magnitude M (1, 1) tend to be redder than the others, while Plutinos present the opposite trend. The color distribution of the various MBOSS classes are analyzed and compared using generic statistic tools. The comets were found to be significantly bluer than the other MBOSSes. Finally, we compare the various 1D and 2D color distributions to simple models, in order to throw some light on the question of the bimodality of MBOSS color distributions. It is found that with the current data set, all color distributions are compatible with simple, continuous distribution models, while some color distributions are not compatible with simple bimodal distribution models. Table 1 is also available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/389/641, and the tables and complete set of figures corresponding the up-to-date database are available on the web at http://www.sc.eso.org/~ohainaut/MBOSS.
Introduction
As soon as colors were available for a few Transneptunian Objects (TNOs), it was very tempting to see families and groups in the various color and color-color diagrams.
Send offprint requests to: O. R. Hainaut, e-mail: ohainaut@eso.org ⋆ Table 1 is also available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/389/641 ⋆⋆ Tables 3, 5, 6 and the list of papers are only available in electronic form at http://www.edpsciences.org
Immediately after the discovery of 1992 QB 1 , D. Jewitt presented a thorough analysis of one data point (Jewitt 1992) , with the un-attackable argument that for years, people had done similarly detailed analysis on zero data points. The first detailed analysis was published by the Hawaii group (Luu & Jewitt 1996a ). In the following years, with the continuous increase of the data set available, more analyses were published, but they are usually over-exploiting the data, without much consideration for the statistical significance of their (otherwise interesting) claims.
The physical properties of TNOs are difficult to assess; indeed, their faint magnitudes prevent them from being studied in detail using the arsenal of observation techniques that could be used were they brighter. Only a handful of them were observed spectroscopically; the spectra reveal continuous, featureless gradients in the visible (e.g. Boehnhardt et al. 2001; Davies 2000) , and a fairly flat spectrum in the near-IR (e.g. Davies 2000; Brown et al. 1998; McBride et al. 1999; Brown et al. 1999) , in some cases displaying water absorption bands (e.g. Brown et al. 1999 ). The bulk of physical studies comes from Visible and/or IR colors.
Dynamical families and their inter-connections
This section gives a broad overview of the connections between the different classes of MBOSSes. We keep this introduction to the minimum: it is not meant as a review of this quickly evolving field. It is now broadly accepted that the TNOs constitute the largest members of the Edgeworth-Kuiper belt, which is in turn a remnant of the proto-planetary nebula extending beyond the region where planets formed. In that region, the small quantity of material available and the fairly quiet dynamical environment prevented the formation of planet-sized bodies. The "Main Belt" TNOs, also called Cubewanos (for 1992 QB 1 , the first discovered, Jewitt & Luu 1992) or "Classical TNOs", are found on orbits of low/moderate eccentricity and inclinations with semi-major axis >40 AU. Their orbital parameters are not primordial, as they are still in the influence area of the outer planets. Beyond 45 AU, i.e. where the gravitational field of the planets has no effects anymore, it is hypothesized that there could lie a very thin belt of smaller objects with a dynamically very cold -and primordial-orbit distribution, forming the "Cold Disk" (Hahn 2000) . This class has not been identified observationally yet. Other dynamicists (e.g. Morbidelli 2001) can explain the observed distribution of MBOSSes without the need for such a Cold Disk.
During the latest stages of the planetary accretion, the proto-Uranus and Neptune scattered a significant number of proto-planetesimals (Malhotra 1995) . According to some dynamicists (Malhotra 1996; Hahn & Malhotra 1999) , this caused their orbit semi-major axis to increase, the so-called planet migration. In that process, the orbital resonances associated with Neptune swept the inner part of the Edgeworth-Kuiper Belt, trapping the objects whose orbit passed through the resonance. The orbit of these objects were excited in e and i, eccentricity and inclination, resp. (Malhotra 1995; Malhotra 1996; Hahn & Malhotra 1999) . Objects from this class are known as "Resonant TNOs", or Plutinos, after the most famous of their members, Pluto. For other dynamicists (Morbidelli 2001) , planet migration is not needed to explain the population of the orbital resonances.
Some of the TNOs from the inner Kuiper Belt are on orbits that are unstable over the age of the Solar System because of interactions with Uranus and Neptune. Because of these instabilities, there is a continuous flow of such objects toward the Jupiter-Saturn region, where they can stay for a few million years (Kowal et al. 1979; Asher & Steel 1993) . Thanks to their proximity to the Sun, they can develop a significant cometary activity, as it was the case for the first object discovered in this class: Chiron (Kowal 1977; Kowal et al. 1979) .
In his history of outer Solar System astronomy, Davies (2001) explains that "Kowal looked for a group of mythological characters unrepresented amongst the asteroids. He found the Centaurs, strange creatures, half human and half horses". His choice was a very good one, as it also fits their dual appearance, half comet, half asteroid.
Through the interactions with Uranus and Neptune, some TNOs are also ejected on very eccentric, very elongated orbits with large semi-major axis a; these are called "Scattered TNOs". The dynamical distinction between Centaurs and Scattered TNOs is not very clear; the classification is based on their orbit semi-major axis, the limit being loosely defined. In this paper, we define objects from this class with a < 35 as Centaurs, those with larger a, as Scattered TNOs.
Finally, as their orbits are not stable, some of the Centaurs can fall further toward the inner solar system, where they will appear as Short Period (SP) Comets (Kowal et al. 1979) ; for instance, simulation by Asher & Steel (1993) showed that ∼20% of the test particles originally on Pholus-like orbit would end up on comet-like orbits. Nevertheless, the main source of short period comets is believed to be directly the inner Kuiper Belt; a very efficient way to transfer objects from that region to cometlike orbit is through collisions. It is estimated that ∼90% of the SP comets originating from the Kuiper Belt correspond to collisional fragments that were directly ejected from the Belt (Farinella & Davis 1996) . the object, with a time-scale of 10 ∼7 yrs, the blue albedo decreasing down to a few percent (Strazzula & Johnhson 1991; Strazzula 1998) . With further irradiation, the icy surface is expected to become dark grey (uniform albedo of a few percent), with a time-scale ten times longer (Thompson et al. 1987) ;
-Impact on the surface will also alter the color of the object by exposing underlying, non-irradiated (and neutral-bluish) material. The frequency of these impacts will differ considerably depending on the region of the MBOSS being considered. The collisions in the Edgeworth-Kuiper Belt have been studied in detail (Stern 1996; Davis & Farinella 1997) ;
-Cometary activity is also expected to alter the object color, as it removes the upper layer of the active regions and deposits fresh dust on the surface, which is likely to make it neutral to blue. While cometary activity obviously has an effect on comets, it must also be considered for Centaurs, as exemplified by (2060) Chiron. Recent observations also suggest that the cometary activity could play a role for TNOs (Hainaut et al. 2000; Sekiguchi et al. 2002) .
It is also interesting to note that the laboratory experiments simulating the object surface for different irradiation levels (i.e. different ages) all present fairly linear spectra over the visible wavelengths, but with changing slope (Thompson et al. 1987 ). The three phenomena described above will produce a variegated object, with regions of different ages, each of them presenting a different spectrum, hence a different color. However, the average spectrum over the surface being the average of linear spectra with different slopes, this total spectrum is expected also to be linear over the visible wavelength range. While the reddening by irradiation will affect all MBOSSes in a similar way (to some extent, see Thompson et al. 1987) , the time scale for collision re-surfacing will be very different for the different classes. Similarly, the importance of the cometary activity will be a function of the heliocentric distance of the object. The thickness of the irradiation crust and/or of a dust mantle will also determine whether an object is active or not; the impact rate will therefore be linked to the cometary activity. The different MBOSS populations will therefore be affectedat least -by these three phenomena, but the equilibrium between them will be different, resulting in different color distributions. The balance between collisions and reddening has been studied numerically in the case of TNOs (Luu & Jewitt 1996a) . The model used was fairly simple -in particular, it did not take into account the darkening of the surface that follows the reddening, but could reproduce the color diversity observed. One can hope that it will become possible to use the observed color distributions to further constrain the relative importance of the evolution phenomena for the different MBOSSes.
Recent papers have been published discussing fairly large samples of TNOs; while some authors see these objects evenly spread over the whole color range (Barucci et al. 2000; Boehnhardt et al. 2001; Delsanti et al. 2001; Davies 2000) , others have reported that the TNO population is distributed into two well separated color classes: one of solar color, the other very red (Tegler & Romanishin 1998) . It is intriguing that different groups obtain such different results. We will investigate whether this can be a random, selection effect, or if other conclusions have to be reached.
Structure of this paper
The purposes of this paper are the following: -In Sect. 2, we will first give a description of the individual objects that is as complete as possible, based on all the published photometric information. For each object, we will compute the "reddening", or spectral gradient, which describes the global slope of the reflectance spectrum;
-In Sect. 3, we will look for correlations between the objects' surface characteristics and size, orbital parameters, etc.;
-Section 4 is devoted to the description of individual classes of objects;
-In Sect. 5, we will compare the data of the different MBOSS classes, in order to cast some light on their similarities and differences.
-Finally, in Sect. 6, we will compare the colors of the various MBOSS classes with simple models, in order to investigate the reality of their possible bimodal or continuous distribution.
In these sections, we will each time highlight the results of the individual tests and give the conclusions that can be drawn from them taken individually.
We will then discuss the results from a more general point of view and summarize them in Sect. 7. Most of the tables and plots shown in this paper are directly generated from the measurement database (described later on). We intend to keep this database up-to-date (contributions from measurers are welcome), to make it available as a web page and, if needed, publish updates of this analysis every time the size of the studied population is multiplied by 2-3, i.e. when we can expect a major step in significance of the results described. Finally, in Appendix A, we give the complete list of reference for each objects. We also give there a fairly detailed description of the statistical tests used in the paper and the numerical results of these tests. It is recommended that the reader who is not familiar with these techniques read the Appendix first. The present paper represent a snapshot of the color database, which is continuously growing. Up-to-date versions of the tables and figures, as well as many additional figures, are available on our web site at http://www.sc.eso.org/~ohainaut/MBOSS. Plut/3 7.424 ± 0.124 9.307 ± 6.115 0.700 ± 0.120 0.511 ± 0.119 0.362 ± 0.130 ---1997 RL 13 QB1/1 9.361 ± 0.300 Grt is the spectral gradient S (%/100 nm). M11 is the absolute R magnitude.
Dataset and general description of individual MBOSSes

Dataset -Average magnitudes and colors
In order to get the most significant results, the statistical analysis presented in this paper were based on a complete compilation of all the TNO and Centaur colors that have been reported in the "Distant EKO" web page (Parker 2001) , as of 2001. Several additional papers, preprint and private communications about TNOs and Comets were also added. We realize that such a compilation can never be complete and up-to-date; the current database is frozen in its current state, and we plan to add new and missing papers in future versions. Refer to Appendix A for the references that were used for each object. Authors are encouraged to send us their measurements electronically (ohainaut@eso.org), so that we can include them in this database. When available, the individual magnitudes were used, so that non-standard color indexes (i.e. not the traditional B − V , V − R...) can be computed (we hereby encourage the authors to publish these individual magnitudes). Where the magnitudes were not available, we used the published color indexes. In this compilation, no correction has been made for the different photometric systems used. Only the name of the filter is taken into account, so that
We assume that the errors introduced by these assumptions are small compared to the measurement errors. As all the TNO measurements were obtained after 1992, a large fraction of them were calibrated using the standard stars by Landolt (1992) . If the authors computed the color term of their system and applied them, the magnitude they published are de facto in the Bessel system as described by Landolt, further reducing possible color discrepancies between the different filter system used.
For a given epoch (loosely defined as "within a few hours"), we computed all the possible colors and magnitudes based on the available colors and magnitudes. It is important to note that no additional color indexes were computed at that stage (i.e. if V is available at one epoch, and R at another, the V −R index is not computed mixing these epochs). Some publications list colors obtained by combining magnitudes obtained at different epochs. These were not entered in the database. We also checked for and removed multiple entries for the same measurements that appeared in different papers.
The magnitudes and colors from different epochs (and different authors) were combined in order to obtain one average magnitude and color set per object. However, no new color indexes are computed even if we now have enough data (e.g. if an author reported a R − I and another I − J, we do not compute nor use the resulting R − J), as these would not be obtained from simultaneous data. In this way, even if the object presents some intrinsic magnitude variability, we do not introduce any additional color artifacts. The average magnitude that we publish here corresponds to the average of the (possibly varying) magnitudes, and the average colors is the average of the measured colors. The variations of magnitude will not contribute to the color error.
For this combination,x, the average magnitude or color is obtained by weighted average of the individual magnitudes and colors. We did not a priori reject any published measurement, nor give a stronger or lighter weight to the measurements from a given author or team. We did not give a larger weight to measurements obtained on a larger telescope. For this study, we fully trust and rely on the published error bars: the weight of a measurement is set to 1/σ:
Using this weight, very good measurements (trusting their small σ) will be given a strong weight compared to approximate values. In case of multiple measurements x i , i = 1... N of an item (magnitude or color), the error σ is computed as a combination of the individual errors σ i and of the dispersion of the measurements around their meanx, using
The first term in the root corresponds to the increase of the Signal-to-Noise ratio resulting from the multiple measurements, while the second term is the variance of the measurements (the N − 1 is because we don't have a priori knowledge of the mean). With this combination, a measurement with a large error will have a small contribution to the final average and error. On the other hand, two equally good measurements having different values will have a resulting error that is larger than the individual ones, reflecting a possible variation and a definite uncertainty on the value. In case only one measurement is available, it is reported with its error bar in the final table. Some objects were measured several times. The dispersion of these measurements is similar to the error bars, suggesting that no dramatic systematic effects affect the different teams, and therefore indicating that the combined data are of better quality than the individual ones. The averaging program also includes a warning system checking for very different values of given color of an object (the limit corresponds to an incompatibility at the 3σ level taking into account the sum of the considered error bars). The current database did not trigger this warning. The classical color indexes are reported in Table 1 . In this table, the un-named objects are identified by their temporary MPC designation (e.g. 1992 QB 1 ), while the named objects are identified with their number and name. For uniformity, we don't use the number of numbered but still un-named object. In the case of the numbered comets, their IAU designation is used.
The table also lists the number of independent epochs that were combined for each object.
Absolute magnitude
For each epoch, we attempted to compute an absolute R magnitude: for this purpose, we used either the measured R magnitude, when available, or another magnitude and the corresponding color index with R. The helio-and geo-centric distances (r and ∆, resp., [AU]) were computed using a two-body ephemerides program with the orbital elements available at MPC, and the absolute magnitude M (1, 1) was computed using
Because i) the phase angle is usually small for MBOSS observations, ii) this angle does not change significantly from epoch to epoch, and iii) the phase function is unknown for most MBOSSes, we neglect the phase correction. Because of i) and ii), this correction would in any case not change significantly the result. The M (1, 1) for all available epochs were averaged using the same procedure as described above; the error was also computed. Table 2 . Solar colors used in this paper, from Hardorp (1980) , Campins et al. (1985) and Allen's Astrophysical Quantities, Cox (2000) .
The results are also listed in Table 1 . Assuming a value for the surface albedo p, these absolute magnitude can be converted into the radius R N of the object [km] using the formula from Russell (1916) 
where M ⊙ is the R magnitude of the Sun and M (1, 1) is the absolute R magnitude from Eq. (3). As the albedo p is not known (except for a couple of objects), and in particular because neutral-grey objects could either correspond to extremely old surfaces (with p as low as 0.02, Thompson et al. 1987) or to objects covered with fresh ice (therefore having a higher albedo, possibly as high as that of Pluto, 0.3, or Chiron, 0.1), we do not give a generic conversion of M (1, 1) into a radius.
Spectral gradient
The information contained in the color indexes can be converted into a very low resolution reflectivity spectrum R(λ) (Jewitt & Meech 1986 ), using
where m and m ⊙ are the magnitude of the object and of the Sun at the considered wavelength. Normalizing the reflectivity to 1 at a given wavelength (in our case, the V central wavelength), we have
The solar colors used are listed in Table 2 . The reflectivity spectra are given in Fig. 1 . Boehnhardt et al. (2001) have compared such magnitude-based reflectivity spectra with real spectra (i.e. obtained with a spectrograph) for ∼10 objects observed quasi-simultaneously with a large telescope (one of ESO's 8 m VLTs) through broad-band filters and with a low resolution spectrograph. He found a excellent agreement between real and magnitude-based spectra.
We can introduce a description of the reflectivity spectrum: the reddening S, also called slope parameter or spectral index, which is expressed in percent of reddening per 100 nm:
Fig. 1. Examples of reflectivity spectra, sorted by increasing gradient. The reflectivity is normalized to 1 for the V filter; the spectra have been arbitrarily shifted for clarity. For each object, the dotted line is the linear regression over the V, R, I range, corresponding to the gradient S. Similar reflectivity spectra are available for all the objects of the database on our MBOSS web site. Boehnhardt et al. (2001) realized that all the objects observed with a high S/N display a linear reflectivity spectrum over the V − R − I range. We can therefore introduce a global value for S, describing the spectrum over the V − R − I range. We obtained the value of S, together with its uncertainty, by linear regression of R as given in Eq. (6). We restricted this fit to the objects having at least two color indexes measured. The values of S and its error are listed in Table 3 . We also restricted the fit to the V , R and I filters, excluding B, because the B reflectivity shows a systematic trend, as described below. The error on S is a combination of the error on each R(λ) (obtained by propagation of the errors on the colors) and on the linear regression. In order to further characterize the shape of the spectrum, we introduced d, the total deviation of the reflectivity with respect to the linear regression:
where R l is the reflectivity expected from the linear fit. Positive values of d correspond to spectra with a global concavity, while negative values correspond to a convexity. The concavity d can be interpreted in two ways: either i) one considers that the result published by Boehnhardt et al. (2001) can be generalized to all MBOSSes; in that case, objects with a large |d| suffer from large uncertainties and should be re-measured with a better S/N , or ii) it is considered as real, and large values of |d| denote objects whose spectral characteristic are intrinsically dif- Table 3 . Reddening Index S and its error, and deviation d from a linear spectrum for the objects in the database, available electronically at http://www.edpsciences.org.
ferent and worth a more detailed study. In both cases, observers should take a closer look at the objects identified by a large deviation |d| in Table 3 . These objects are (7066) Nessus, 1991 QB 1 , 1993 SC, 1994 ES 2 , 1994 TB, 1996 RR 20 and 1999 . It is interesting to note that the coordinates (S, d) of an object are very similar to the "principal components" (PC1,PC2) that Barucci et al. (2001) have obtained from an analysis of the colors of 22 objects: the position of a MBOSS in a multi-dimensional color diagram is determined primarily by PC1 (which can physically be associated to S) and to a much lesser extent by PC2 (which would be related to d). The additional dimension of the multi-dimensional color diagram contain little information. We intent to apply a similar analysis to this dataset. Figure 2 shows a selection of color-color diagrams; the whole collection, for all possible color indexes, is available on the MBOSS web site. To guide the eye, the reddening line is drawn on each diagram. This line is constructed computing the colors for an object of a given reddening S using Eq. (7), and then connecting all the points for −10 < S < +70%/100 nm (a tick is placed every 10%). An object located directly on this line has a perfectly linear reflectivity spectrum, and its slope S can be estimated using the tick-marks on the line. Objects above the line have a concave spectrum (positive d), while objects below the line have a convex spectrum (negative d) over the spectral range considered.
Color-color diagrams
As it was noted in Sect. 1.2, the three physical processes that are suspected to effect the color of a MBOSS surface independently produce linear reflectivity spectra (in first approximation, over the visible wavelength range). The average over the complete surface of an object will therefore also be a linear spectrum. Within that hypothesis, if no other physical processes plays an important role, and if the MBOSSes have the same original intrinsic composition, the objects should all lie on the reddening line. A young-surfaced object would have solar-like colors, and the aging will move the object up the reddening line, while collision and activity will move it back down. Similarly, an object left undisturbed long enough would evolve moving up the reddening line till it reaches the maximum possible reddening, then, the continued irradiation of its surface would cause it to further darken (Thompson et al. 1987) , possibly moving back down on the reddening line. In that case, one could expect to find among the neutral objects some MBOSSes covered with fresh ice, together with objects with ancient ice, with a very dark albedo. This is tested later (cf. Sect. 3.4). Fig. 3 . Visible color distributions as functions of the absolute magnitude M (1, 1), the orbit semi-major axis a [AU], the eccentricity e, the inclination i and the orbit excitation E (see text for definition). The meaning of the different symbols is given in Fig. 4 . Other colors are available electronically and on line at the MBOSS web site.
visible in the (B − R) vs. (R − I) diagram). This corresponds to the fact that the spectrum of the reddest objects flattens toward the IR, where it is typically flat/neutral (Davies 2000; McBride et al. 1999) . One also notes a systematic deviation from the reddening line of the neutral to neutral-red points in the B − V vs. V − R diagram: the bulk of these points are significantly above the line; this corresponds to the bend observed around the B wavelength in many reflection spectra from Fig. 1 . This bend is not observed in the "fresh ice" laboratory spectra published by Thompson et al. (1987) , suggesting that in spite of their low reddening, the surface of these objects could be significantly processed. It is also interesting to note a small group of 5 objects clustered very near the solar colors in the B − V vs. V − R diagram, i.e. in the range corresponding to fresh ice surface. Two of these objects are either known or suspected to be cometary active, i.e. (2060) Chiron (Tholen et al. 1988; Meech & Belton 1989) and 1996 TO 66 (Hainaut et al. 2000) . A detailed study of the others (1995 SM 55 , 1996 TL 66 and 1999 ) is well deserved.
In addition to the simple "reddening line", it would be interesting to produce an evolution track of the color of laboratory ices, for increasing irradiation doses. Such work will be presented in another paper by the same authors.
The diagrams show notable outliers (i.e. isolated points, far from the reddening line and the general cluster of objects): -1994 ES 2 , which has only one fairly old set of color measurements;
-1994 EV 3 , whose V − R index is well established (and reasonable); other colors have only one measurement available;
-1998 HK 151 , whose B − V has only one fairly old measurement while other colors are well established, and -1995 DA 2 , whose B measurements is also fairly old; -1996 TO 66 is an outlier only in the IR color diagram.
For all these objects, it seems that less accurate magnitudes from the early years of TNO photometry (before the VLT/Keck era) are the reason of the strange colors. We therefore encourage observers to acquire new colors for these objects. For instance, preliminary measurements of VLT data for 1994 ES 2 and 1994 EV 3 (Delsanti, priv. comm.) put these objects back in the main group.
Correlation with orbital parameters and size
In this section, we search for correlation between the color or reddening distributions and the orbital parameters, i.e. a, the semi-major axis, e, the eccentricity and i, the inclination. We also consider the "excitation" E of an object's orbit, defined as
sin(i) is related to the object's velocity perpendicular to the ecliptic, and e to its radial velocity. Therefore, E is an estimate of the velocity of the object with respect to another object that would be at the same distance on a circular ecliptic orbit, it is therefore also related to the probability of collision, as well as the velocity of the impacts. The color vs. E plots therefore explore possible effect of collisions. The colors are also plotted as functions of M (1, 1), the absolute magnitude (cf. Sect. 2.2 and Eq. (3)).
Plots
Figure 3 displays some of the color indexes and the reddening slope S as a function of the orbital parameters and absolute magnitude. In each figure, each object is represented using the symbol of its class (cf. Fig. 2 ). The complete set of diagrams is available on the MBOSS web site; only some examples are reproduced here.
Results:
-a plots: the extreme redness of objects with a > 40 AU reported by is supported by the appearance of the B − V .
-No striking bimodality appears in any of the plots.
-None of the plot do show any convincing trend. In particular, the V − J vs. M (1, 1) plot does not show any convincing trend: we do not confirm the correlation that had observed on only 5 objects.
Correlation
In order to quantify possible correlations between the colors (and gradient) and the various orbital elements and absolute magnitude, we computed the correlation coefficient for each "Color" versus "orbital element" distribution. The test itself is described in Appendix B. As a reminder, while the correlation coefficient indicates how strong the correlation is (large absolute values), there is no way to quantify the significance of that correlation. The correlation coefficients were computed for the complete MBOSS population (i.e. all objects) and for the Plutinos, Cubewanos and Centaurs/Scattered objects separately. The numerical results of the tests are listed in Table C .1.
Results:
-For the complete MBOSS population: the colors and gradient are not correlated with any of a, e, i, E nor M (1, 1) (i.e. all the correlation coefficients are extremely low in absolute value).
-i, e, E: for the Cubewanos, there is a systematic anticorrelation between the colors (and gradient) and the e, i and E parameters (i.e. objects with higher orbital excitation being bluer). This effect is visible for all colors, and is the strongest for the B − R index. This effect completely disappears for the Centaurs/Scattered TNOs (coefficients close to zero). In the case of the Plutinos, the colors present a weak anti-correlation with the eccentricity (up to −0.2), and a weak correlation with the inclination (∼0.2), both effects canceling each-other for E.
-M (1, 1): for the Cubewanos, there is a correlation between the colors and the absolute magnitude, indicating that the objects with fainter M (1, 1) are redder. This effect is completely nonexistent for the Centaurs/Scattered TNOs, but appears reversed (i.e. bright M (1, 1) redder) for the Plutinos, with slightly weaker correlations.
Are there some more subtle effects
In order to test for more subtle effects than a simple correlation between the colors (or gradient) and the orbital elements (and M (1, 1)), each population is divided in two sub-samples, i.e. the object having the considered element smaller than a given value, and those having that element larger. The boundary value is chosen as the median of the sample, i.e. to split the population in sub-samples of similar sizes. The median value is probably not the best choice on physical bases, but a physically better choice might lead to samples of fairly different sizes, which could cause asymmetry artifacts. The cut-off values are listed in Table C .1 with the results of the test described below. The two samples are then compared using Student's t-test and f -test, which are described in Appendix B. In summary, small values of the probability associated to the t-test, indicate that both sub-populations have significantly different mean of the considered color (P rob is the probability that both subsumes are randomly drawn from a similar population), while small values of the probability associated to the f -test reveal that the sub-samples have different variances. Each test was performed on the whole MBOSS population and on the Plutinos and Cubewanos only. The numeric results of the tests and the cut values are listed in Appendix, in Table C.1.
Results: t-test
-For the complete MBOSS population as well as for the individual families, the t-test does not reveal any significant trend with respect to the semi-major axis a.
-The t-test applied to the color distribution vs. i, e and E reveals a strong, highly significant trend for the Cubewanos: objects with higher orbital excitations are bluer. The effect is systematic in all colors (and gradient), and its significance is in the P rob = 10
range. This support the result presented by Trujillo et al. (2001) (i.e. a correlation between color and eccentricity, supported by similar t-tests) on a smaller sample. They interpreted this as an evidence that low E objects are less affected by (collisional) re-surfacing than objects with a high excitation (because the collisions are on average less violent, and/or less numerous). Stern (oral communication at the Meudon 2001 meeting) also mentioned the correlation with E.
-This effect completely vanishes for the Plutinos and Centaurs/Scattered TNOs: the various sub-samples are statistically equivalent. It appears diluted when considering all MBOSSes together.
-Considering the Plutinos colors as a function of their absolute magnitude, a marginally significant trend appears, indicating that those with a fainter M (1, 1) are slightly bluer. For the Cubewanos, the opposite trend exists: those with a fainter M (1, 1) are slightly redder. It is also worth noting that the median M (1, 1) (used as cut-off between the sub-samples) is fainter for the Plutinos (7.4) than for the Cubewanos (6.6). This is a natural discovery selection effect: as the Plutinos are on average at smaller heliocentric distances than the Cubewanos, smaller objects can be discovered. As a consequence, the test on the Plutinos explores intrinsically smaller objects. Setting the cut-off magnitude for the Plutinos equal to that of the Cubewanos produces unbalanced samples, but the result remains the same.
Results: f -test -The color distributions of objects as a function of the absolute magnitude: in earlier versions of this database, the B − * and * − I ( * indicating any other filter) of objects with fainter M (1, 1) had significantly broader color distributions than the objects with brighter absolute magnitudes. This was tracked down to an instrumental effect: the B and I magnitudes are typically affected by larger error bars because of the lower quantum efficiency of the detectors in these bands. Objects with fainter absolute magnitude are on average fainter than those with a brighter M (1, 1), and therefore have larger error bars. Recent addition to the database of a large number of observations obtained with 8-10 m-class telescopes diluted that effect out. In the current version of the database, the MBOSSes with faint M (1, 1) (i.e. probably the smaller ones) do not present a significantly different color distribution width than the bright ones. This is true for the MBOSSes as a whole and for the different classes. This is contrary to the predictions of a collisional resurfacing model (Luu & Jewitt 1996a; Jewitt & Luu 2001 ).
-Cubewanos with higher orbital excitation (i.e. larger i, e and/or E) have significantly broader color distributions than the others. The effect is strongly significant except for B − V and * − I, where the effect is partially diluted by larger error bars on B and I magnitudes. For the Plutinos and Centaurs/Scattered TNOs, the effect disappears, except for the inclination (but it is not significant).
3.4. Broadening of the M(1 , 1 ) distributions?
As mentioned earlier, neutral-bluish objects could have their surface covered with fresh ice (resulting from a recent re-surfacing), or, on the contrary, with extremely ancient, extremely irradiated ice (with doses of 10 10 erg cm −2 ), whose color is also expected to be neutral (cf. laboratory spectra published by Thompson et al. 1987) . The albedo of the ancient ice is expected to be significantly lower than that of the fresh ice. On the other hand, very red objects are expected to be covered with highly irradiated ice (corresponding to the laboratory samples that received doses of 10 9 erg cm −2 Thompson et al. 1987) , and would have a much narrower range of albedo. If we assume that all these objects have a similar radius distribution, the resulting M (1, 1) distribution should be significantly broader for the neutral objects than for the red ones (cf. Eq. (4)).
In order to test this hypothesis, we consider the M (1, 1) distribution as function of the colors (i.e. the reverse of the previous section). We split the observed sample in two, i.e. those with colors redder than a limit, and the others. The cut-off value is set at the mid-point between the minimum and maximum values of the considered color. The average values of M (1, 1) and their variances are computed for each sub-samples, and are compared using the f -test (cf. Sect. B), which evaluates whether the two variances are compatible. This test was performed for all the colors and the gradient distributions, for the complete MBOSS population, and for the Plutinos, Cubewanos and Centaurs/Scattered TNOs only. The numerical results of these tests are listed in Table C .2.
Results:
-Restricting the test to the Plutinos, it appears that the redder objects have a broader M (1, 1) distribution (strongly significant effect) than the bluer ones. This effect is visible and significant (<1%) in all color indexes.
-This effect is also visible for the Centaurs/Scattered TNOs (redder objects have a broader M (1, 1) distribution) but although it is visible in all indexes, it is not statistically significant.
-The reversed effect (bluer objects have a broader M (1, 1) distribution) for the Cubewanos. The significance is not as strong as for the Plutinos, but still to be considered (all of the indexes are at the ∼5-6% level or stronger).
-No effect is visible for the MBOSSes as a whole.
Combining this with the results of correlations (Sect. 3.2), it implies that the objects with a bighter M (1, 1), i.e. the redder Plutinos and the bluer Cubewanos, cover a broader M (1, 1) range than the fainter ones. This is an effect of the steep luminosity function: there are much fewer objects per unit magnitude brighter than the cut-off magnitude (therefore the sample covers a broad range of M ), while the number of objects per unit magnitude is much larger for those fainter than the cut-off. As the samples have roughly the same size, the faint ones cover a smaller magnitude range than the bright ones.
Individual populations
Average and Variances
For each class of MBOSS, we compute the average color indexes. Table 4 lists the average colors of the various classes of objects together with the square root of their variances (which will become equivalent to the standard deviation for large samples with a ∼normal distribution). These values are of practical interest, for instance when preparing observations of an object whose colors are not known. 
Histograms and cumulative probability functions
It is customary to visually compare distributions of objects using their histograms, i.e. the number of objects if given bins. Such histograms are displayed in Fig. 5 . However, one has to be extremely careful in working with such plots: the size of the bin has a strong influence on the shape of the final histogram. Indeed, binning the data is equivalent to smoothing the data with a window equal to the bin size. Structures in the distribution that have a size similar to or smaller than the bin will be masked in the histogram, an effect that can create dangerously convincing -but wrong -artifacts.
A better way to represent a distribution is its Cumulative Probability Function (CPF). If one of the sample is x 1 , x 2 , ..., x n (e.g. the V − R color indexes of n Centaurs), the corresponding CPF F (x) is the fraction of the sample whose value is smaller than x. The CPF always has a typical "S" shape, with F (−∞) = 0, and F increases by step at each x i till it reaches a value of 1 when x is larger than all the x i . The advantage of the CPF is that no information is lost with respect to the original distribution. While its use is not as instinctive as that of the histogram, it is a worthwhile exercise to train ones eye to use them. The CPFs are also displayed in Fig. 5 
Population comparisons
Using the CPFs
The eye is extremely good at finding patterns and comparing shapes. In this first paragraph, we shall analyze visually the color histograms and CPFs. Of course, this analysis is only qualitative, and no claim is made with respect to the significance of these descriptions. They are meant to attract the attention of the reader to features that might eventually become significant -or may disappear when more data become available. In the next section, we will reconsider these comparisons with the cold (and less imaginative) eye of statistical tests.
Results
-Shift: apart from the comet V − R that appears to be on average bluer than that of the other objects, no systematic difference of color is apparent;
-Broadening: defining the width of a color distribution by the interval over which the CPF is strictly between 0 and 1 (excluded), no class is systematically the broadest of all (the broadest is always either the Cubewanos or the Centaurs). The population with the narrowest color distribution is in almost all cases the Scattered TNOs;
-Several distributions show some discontinuities; in particular the Cubewanos and Centaurs' B−V , B−R and B − I as well as the Cubewanos' V − I display a broken CPF, with first a sharp then a shallower increases (corresponding to a narrow then a broad peak in the histograms). Other distributions are very smooth with a constant increase rate, such as the Plutinos' B − V , B − R, B − I, V − I and R − I.
Statistical tests
In this section, we will apply statistic tools to the available dataset in order to cast some light on the question of similarities and differences between the different classes of objects.
The problem at hand is to compare samples of 1D continuous distributions (colors, e.g. V −R), in order to decide whether they are statistically compatible. We will consider the MBOSS classes two by two. For that purpose, we shall use the t-test, the f -test, and the KolmogorovSmirnov (KS) test, which are described in more detail in Appendix B; each of them produce a probability P rob. Low values of P rob indicate that the distributions are statistically incompatible, but larger values can only be interpreted as stating that the distributions are not incompatible, not that they are equal; this is also discussed in more details in Appendix B.
In order to get a known comparison when studying the real MBOSS populations, we introduced two pairs of artificial subsets of the objects. They are defined as following:
-Odd: objects with odd numbers in the internal database;
-Even: objects with even numbers in the internal database;
-1999: objects discovered in 1999, and -non-99: objects not discovered in 1999. Odd and Even are two populations of about the same size, while 1999 is much smaller than non-99. As the members of these populations are chosen using non-physical properties from the whole sample, we expect them to be equivalent, and that the statistical tests will give large values of P rob when comparing them. We performed all the tests on the "Odd/Even" and "1999/non-99" pairs, and report the results together with the tests on real classes. This allows the reader to get an idea of the statistical tests' calibration. 1999 was chosen as opposed to earlier years, because of the fairly large number of objects in the database (19) and because in that year the survey techniques were already quite advanced; in that way, we should not have a bias against small objects, that would have been present for the earlier years.
t-test:
Are the mean colors compatible? Table 4 lists the mean colors of the different classes. The color of an object is function of the nature of its surface and of the reddening and resurfacing it experienced. For a given population, the mean color will therefore give an information on the equilibrium reached between the aging reddening and the different re-surfacing processes. The question we address in this section is whether the mean color of different classes are significantly different. The traditional way to compare the means of distributions is to use Student's t test; the implementation used for this work is described in Appendix B.2.1. The values of t and P rob are listed in Table C .3; the results for the artificial classes are displayed in Table C .4.
Results
-The 1999/non-1999 test classes do not show incom-
patibilities at the 9-10% level, except for very small samples, indicating that one should consider these levels with suspicion when comparing small samples;
-The mean V − R of the Comets is incompatible with those of the Cubewanos (with a significance of 10 −3 ), of the Plutinos, and the Centaurs, and marginally incompatible with those of the Scattered TNOs. This validates the visual impression that one has looking at the CPFs: the Comets are significantly bluer than the other objects; -There is no significant incompatibility between the Plutinos, Cubewanos and Centaurs. Although the low-and high orbital excitation Cubewanos have incompatible color distributions, once considered all together, are indistinguishable (with the t-test) from the other classes.
f -test: Are the variances compatible?
The variance of the color distribution contains some information on the diversity of the population, and on the range covered by the reddening and resurfacing processes. For instance, one could expect that -although reaching a different mean equilibrium -the aging, the collisions and the cometary activity broaden the color distribution in a similar way, ranging from bluish, fresh ice, to deep red, undisturbed, aged surface. In this section, we will determine whether the variances of the color distributions are significantly different (independently of their mean, that can be either similar or different). This is quantified using the f -test, described in Appendix B.2.2. The values of F and P rob are listed in Table C .5.
Results:
-None of the variances show incompatibilities with a high level of significance.
The f -test does not give any significance to the fact that the color distributions of the Scattered TNOs cover systematically a narrower range than that of the other classes. This can be either because it is not significant, but also because the distributions have fairly different shapes.
KS test: Are the distributions compatible?
Obviously, the whole information from a distribution is not contained in its two first moments (mean and variance). A more complete comparison of the color distributions is therefore interesting. The ideal statistics tool for this purpose is the KS test (described in Appendix B.2.3), in which the two samples are compared through their complete Cumulative Probability Function (CPF). The values of d and the associated probability P rob are listed in Table C .6 for the real classes of objects. Those for the test classes are available only electronically. Results:
-The Comets' V −R are incompatible (10 −2 -10 −3 ) with the Cubewanos, Plutinos and Centaurs, but the incompatibility with the scattered TNOs that was noticed with the t-test is not apparent here;
-The other classes do not present significant incompatibilities.
Distribution bimodality
In this section, we will tackle the question of the bimodality of the TNO color distributions. Tegler and Romanishin have repeatedly reported that their observations lead to a classification of the objects in 2 separate groups in the color-color diagrams (Tegler & Romanishin 1998; , one being of neutral-blue colors, while the other is very red. While this bimodality appears evident to the eye on their color-color diagrams, other authors (Barucci et al. 2000; Davies 2000; Delsanti et al. 2001) do not confirm it: their color-color diagrams show continuous distributions. Is Tegler and Romanishin's bimodality a selection artifact, or is it real? Since their original report, they have refined their claim, indicating that the bimodality affects only the most distant MBOSSes, i.e. the Cubewanos . One of the reason invoked by Tegler and Romanishin to explain that they see this bi-modality while others don't, is that their own photometry is more accurate than that of other groups. While it is true that measuring faint MBOSSes is tricky, this claim cannot be valid anymore: i) many measurements (by other groups) have been performed on VLT-class telescopes, ensuring very good S/N ratios, and ii) the measurements presented in Table 5 . 1D color distribution models and corresponding KS statistics for various color indexes. The first column indicates which population is taken into consideration (Plutinos, Cubewanos or both), the second gives the color distribution used. The parameters listed corresponds to the best fitting models. The table is available in electronic form at http://www.edpsciences.org.
this compilation are often combining the result of various groups (a few objects combine >10 different measurements, many >5). The small resulting errors (which takes into account the dispersion between these measurements) indicate that the dispersion is rather small.
We will now compare the observed color distributions to simple models -continuous and bimodal ones, and try to decide whether the data are incompatible with one or the other. We will first consider the 1D distributions (e.g. B−V ), then 2D distributions, corresponding to colorcolor diagrams.
1D distributions
The MBOSS color distributions will now be compared individually with a continuous distribution model, and with a bimodal distribution. The model distributions which are chosen are extremely simple; indeed, the idea is not to find a physical model that reproduces the data, but just to decide if the observed sample is compatible or not with a type of distribution. The model parameters are the following: -Continuous distribution: the colors are uniformly distributed between C 1 and C 2 ;
-Bimodal distributions: the colors are uniformly distributed between B 1 and B 2 (group 1), and between B 3 and B 4 (if B 1 = B 2 and B 3 = B 4 , the two "blobs" have no internal spread). An additional parameter f gives the fraction of TNOs in the first blob. We impose a requirement that B 3 − B 2 > 0.2 mag, i.e. that there is a clear separation between the two blobs of a bimodal distribution. We adjust the parameters to maximize P rob.
For each color index, we considered the 2 models for the Plutinos, the Cubewanos and both Plutinos and Cubewanos together. The parameters of the models, as well as the corresponding probabilities, are available in Table 5 . Figure 6 displays examples of the CPF for the TNO color indexes and the corresponding models.
Results:
-Plutinos and Cubewanos have color distributions that are compatible with a simple, uniform, continuous distribution (the worse probability is ∼4% for the Cubewanos' and Plutinos+Cubewanos' B − I);
-Some of the color distributions are not compatible with a bimodal distribution as defined (i.e. no adjustment of the distribution parameter can give a probability of compatibility larger than a few percent). These are the Plutinos' B − V and V − R, and the Cubewanos' V − R and R − I. When considering both classes together, the V − R, V − I and R − I are not compatible with a bimodal distribution.
2D distributions
The traditional color indexes (B − V, V − R, R − I, etc., but also B − I, B − K, R − J, etc) are based on the standard photometric systems. There is no reason to believe that this system is specially adequate for TNO or Centaur work. It is possible that groups would appear in 2D (or >2D) diagrams, that would not appear in the 1D distributions. An illustration of this is the clustering of the MBOSSes around the reddening line, an effect that would not be visible in the 1D distributions. In this section, we will re-do a similar KS analysis in various 2-dimension space. Ideally, we could extend this work to a N -dimension space. Unfortunately, the KS tool does not exist for D > 2. As in the 1D case, we will compare the observed distributions with model distributions. We will also use a bimodal model, in which the colors are spread around 2 individual points in the color-color diagram, and a continuous model, in which the colors are spread around a line joining 2 points in the color-color diagram. In order to simulate these model distributions, a large number (10 000) of test objects is created at random. The observed distribution is then compared to the model population. We verified that the resulting P are not significantly varying for larger model sample, nor for one random population to the next.
In addition to the coordinates of the center of both blobs in the color-color diagram being considered, the parameters of the models are the spread of the distribution in x and y and, in case of a bimodal distribution, the fraction of the population in the first blob. The parameters were adjusted iteratively in order to maximize the KS probability. Table 6 lists the parameters of the models giving the higher P and the corresponding values of d and P . Examples of the random populations simulating the models have been plotted on the color-color diagrams displayed in Fig. 7 .
Results: Adjusting the parameters of the model distributions, we could obtain fairly high values of P rob in all cases except for the B − V /R − I and B − V /V − R diagrams for Plutinos and Cubewanos, that cannot be reproduced by a bimodal distribution. In other words, all the 2D distributions considered are compatible with both continuous and bimodal distributions, except the 2 diagrams mentioned above, which are not compatible with (simple) bimodal distributions.
7. Discussion and summary
Dataset
We compiled the colors of Minor Bodies in the Outer Solar System from 40 references, totaling measurements during 486 epochs of 104 objects, i.e. 13 SP Comets, 14 Centaurs, 9 Scattered TNOs, 20 Plutinos and 48 Cubewanos. For each object, these measurements have been carefully combined, taking care not to introduce rotational artifacts in the colors, and weighting each measurement with its error bar. The final error bar reflects the combined signal/noise ratio and the dispersion between the measurements. The absolute R magnitudes (M (1, 1) ) and the mean reflectivity slope S have been computed for each object, together with the deviation from a linear spectrum. The color-color diagrams are presented. The mean of each color (and its error) is presented for all the MBOSS classes.
Individual objects
A small group of objects -1995 SM 55 , 1996 TL 66 , 1999 OY 3 , 1996 TO 66 and (2060) Chiron -have almost perfectly solar colors, suggesting they are covered with neutrally colored fresh ice. Chiron is known to be cometary active, and 1996 TO 66 is suspected to be so too. The other objects from this group therefore deserve a closer study to look for activity and/or fresh ice spectral signature. Four objects appear as outliers from the general population: 1994 ES 2 , 1994 EV 3 , 1998 HK 151 and 1995 DA 2 . In all cases, we suspect that they do not correspond to physically distinct objects, but that the colors reported are not accurate.
Gradient and colors
In the color-color diagram, the objects follow closely the "reddening line" (which is the locus of objects having a linear reflectivity spectrum). This confirms that most MBOSSes have globally linear reflectivity spectra in the visible. Nevertheless, some systematic effects are visible:
-The diagrams involving the I band indicate that the spectrum of many objects becomes flatter toward the near-IR, which is expected if one considers the laboratory spectra.
-Also, many objects present a bend in the B region. The latter is not matching the laboratory spectra for fresh ices. Maybe they correspond to objects in an evolved state (e.g. covered with extremely irradiated ices, which can have reflectivity spectra bend in the blue region), as opposed to having recently been re-surfaced.
Correlations with orbital elements
Semi-major axis a
There is no correlation between the color (and spectral gradient) of the objects and their orbit semi-major axis. This stands for the whole MBOSS population as well as for the individual families. Therefore, the traditional increasing reddening of asteroids with a that is observed for Main-Belt asteroids and Trojans stands for the MBOSSes as a whole (i.e. they are on average considerably redder than objects closer to the Sun, cf. Table 4 ), but not within the MBOSSes themselves.
Orbit excitation i , e and E
For the Plutinos, Centaurs and Scattered TNOS, the correlation between colors (including spectral gradient) and the other orbital parameters is either nonexistent or very weak: no trend is apparent in the different color vs. parameter plots, and this is confirmed by weak correlation coefficients and statistical tests. One notable exception: the color of the Cubewanos presents a very strong, very significant correlation with the eccentricity, inclination and "excitation" (E obtained by combining quadratically i and e): Cubewanos with a small excitation are systematically and significantly redder than those with a higher excitation. This confirms the results presented by Trujillo et al. (2001) and Stern (oral comm. at Meudon 2001 workshop) , who obtained similar correlations on smaller samples.
In addition, the Cubewanos with large orbital excitation have significantly broader color distributions than the others.
In a more general way, the difference is greater between Cubewanos with a small and large orbital excitation than the difference between the different classes of MBOSSes.
This suggests either that -objects with higher excitation suffer a more efficient resurfacing, because of more numerous and stronger collisions than those with smaller excitation, or that -objects with low excitation constitute a different population, possibly covered with a more primordial surface, or of a different nature.
Absolute magnitude
The tests involving the absolute magnitude of the object (M (1, 1), neglecting the solar phase correction, which is unknown but expected to be small) deserve special attention. Cubewanos with faint M (1, 1) tend to be redder than the others (this effect is visible through the correlation coefficients and the t-tests). Plutinos present the opposite trend (faint M (1, 1) tend to be bluer), with about the same significance. It is difficult to explain this through a selection effect at discovery. However, the Plutinos extend to fainter M (1, 1) than the Cubewanos (a effect of the latter being on average further away from the Sun, therefore fainter than Plutinos of the same absolute magnitude). At this point, these opposite trends are not explained.
The width of the color distributions of the objects with faint M (1, 1) is never significantly different than those of the larger objects. The models of collisional resurfacing balancing the reddening (Luu & Jewitt 1996a; Jewitt & Luu 2001) predict that the smaller objects will have a broader range of colors, which is not observed. Therefore, the current database does not support this model. Jewitt & Luu (2001) discuss also that, for that model, the colors of a given object should vary with same amplitude as the variation of colors between objects of the same diameters, which is not the case. However, as this database does not explore the rotational variations, this cannot be further explored.
Comparison between populations
The color distribution of the Scattered TNOs systematically cover a narrower range than those of the other classes; this is not substantiated by the statistical tests, but possibly because the distributions have fairly different shapes. Nevertheless, if confirmed in the future, this would indicate that they are on average exposed to a narrower range of resurfacing effects -for instance, less collisions because they spend a significant fraction of their time far out of the densely populated regions, or strictly no cometary activity because they are the most distant objects from the Sun. This could give constraints on the conditions to which they are exposed.
We performed a series of statistical tests on the color distributions (f -test, t-test and KS). These tests indicate that the comets' colors are significantly bluer than those of the other MBOSSes. This result is very strong for the Cubewanos and Plutinos (with a probability that the comet are actually similar to these objects of ∼10 −3 on individual color indexes), and weaker for the Centaurs and Scattered TNOs (probability of the order of a %).
There is no evidence that the Plutinos, Cubewanos, Centaurs and Scattered TNOs have significantly different color distributions.
Non-physical, arbitrary populations (in which the objects are distributed according to their designation) were used to test the statistical methods; they indicate that probabilities larger than ∼5-10% should not be considered as reliable.
Bimodality of the color distributions
Visually comparing the color CPFs of the various classes, it appears that the Cubewanos and Centaurs tend to have "bimodal" (2 well separated steps) or "broken" (2 well separated slopes) distributions, while the Plutinos tend to have very continuous distributions (i.e. uniform CPF slope over the whole range).
However, statistical comparison of the observations with simple 1D and 2D model distributions indicate that, in no case we have enough data to rule out the validity of simple, continuous distributions to represent the data. This does not mean that the distributions are continuous, but that we have to be extremely careful if saying that they are not. Jewitt & Luu (2001) have performed some statistical tests (bin, dip and interval distribution tests) on a smaller sample; these tests do not provide evidence that the B −V and V − R of their sample are distributed bimodally.
Prospects
We plan to maintain and update the observations database and keep it available on the web (at http://www.sc.eso.org/~ohainaut/MBOSS). We encourage the observers to send us the tables of their publications electronically. We intend to update this paper when the number objects in the database will have doubled or when the conclusions will have significantly changed.
Appendix A: Color measurement references
The list of papers that were used for each object to build this database is available in the electronic form at http://www.edpsciences.org, and maintained on our web site http://www.sc.eso.org/~ohainaut/MBOSS
Appendix B: Statistical tests
In this appendix, we describe in detail the statistical tests used thorough this paper.
B.1. Correlation coefficient
Pearson's correlation coefficient r evaluates the association between two continuous variables x and y (such as the orbit semi-major axis a and the V − R color). r is given by
wherex andȳ are the mean of x and y. r is in the −1, 1 range. Large values (positive or negative) indicate a strong correlation between the two variables, while a value close to 0 indicates that they are uncorrelated. Unfortunately, there is no reliable way to quantify the significance of that correlation for small samples (less than 500 elements).
B.2. Comparing two distributions
The tests described in this section aim at comparing two continuous, 1D distributions (such as the V − R colors of two MBOSS families). These three tests estimate the validity of the null hypothesis "the two samples are extracted from the same population." This is performed by computing an estimator (f , t and d resp., defined below), whose direct interest is limited. From the estimator, a much more interesting value is derived: P rob, the probability that the statistical estimator is as large as measured by chance. P rob is the probability to get a statistical estimator as large as or larger than the value measured while the two samples compared being actually random sub-samples of a same distribution. Large values of P rob indicate that it is very probable to get the measured estimator by chance, or in other words, that we have no reason to claim (on statistical bases) that the two samples come from different distributions. Remember, however, that this does not allow us to say that the samples are identical, only that they are not statistically incompatible. On the other hand, small values of P rob indicate that the chances of getting the observed estimator by chance while extracting the two samples from the same distributions are small, or in other words, that the two samples are not statistically compatible. The size of the sub-samples is taken into account in the computation of P rob. While it is definitely safer to work on "large" samples, the advantage of these methods is that they start to give fairly reliable results with fairly small samples; in this study, we set the threshold as ≥7. The probability at which one can conclude that samples are different depends on the certainty level required. Traditional values are 0.05 and 0.003, corresponding to the usual 2 and 3σ levels. For this study, we will start raising the warning flags at P rob ≤ 0.1. Of course, if we raise 10 such flags, we can expect that one of them will be a random effect. The statistic tests are described in more detail, together with their original references and with the algorithms we used in Press et al. (1992) .
B.2.1. Student's t test
This test checks whether the means of two distributions are significantly different. The basic implementation of this test implies that the variance of both distributions are equal. For the MBOSSes colors, this cannot be guaranteed (we deal with that question with the next section). We therefore used a modified version of the t test that deals with unequal variances:
where x A and x B are the two color distributions considered, x and Var(x) their means and variances, and N the number of objects. The statistic P rob of t is distributed approximately as the original Student's t, and is given by the Student's distribution probability function A, which is related to the incomplete beta function (see Press et al. 1992, for details) . Small values of P rob indicate that the distributions are different.
B.2.2. f test
The f -test evaluates whether two distributions have significantly different variances. The statistic f is simply the ratio of the largest variance to the smaller one:
Very large values of f indicate that the difference is significant. P rob, the statistics of F , is obtained by the f -distribution probability function, which is related to the incomplete beta function.
B.2.3. Kollmogorov-Smirnov test
Obviously, the whole information from a distribution is not contained in its two first moments (mean and variance). A more complete comparison of the color distributions is therefore interesting. The ideal statistics tool for this purpose is the Kolmogorov-Smirnov (KS) test. The distributions are compared through their Cumulative Probability Function (CPF) S(x), which is defined as the fraction of the sample whose value is smaller or equal to x. f starts at 0 and increases till it reaches 1 for the x corresponding to largest element of the distribution. d, the KS test, is the maximum (vertical) distance between the CPFs S 1 and S 2 of the samples to be compared, i.e.
The distribution of d's statistic can be calculated: the probability to get a d larger than the observed one, the two data sets being drawn from the same distribution, is given by (B.5) where N e is the effective number of data points, 6) and the function Q KS is defined as Table C .3. T-Test (t and P rob) for the colors of the various classes: are the mean colors compatible? Note: For each color index, the first line lists the number of objects from both classes considered that are used in the statistics, and the second line gives d and P rob. The values of d and P rob that are based on sufficiently large samples to be reliable (i.e. more than 7 objects in each class) are printed in boldface. Only the color indexes for which some computations could be performed are listed. 
